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GPCRs: why to study

- The largest class of transmembrane 
proteins (4% of human genome) 
- Conserved during evolution 
- Crucial for diverse patho-/ physiological 

processes



Robert Lefkowitz and Brian Kobilka

Nobel Prize 2012: Structural studies on GPCRs



Latorraca et al., 2019

GPCRs: general structure



GPCRs: classification

adapted from Munk et al., 2016



GPCRs: ligand-based classification

CRs

CXCRs

CCRs

CX3CRs



Latorraca et al., 2019

GPCRs: general structure
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GPCRs: general structure



Cotton and Claing, 2009
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Figure 1. (A) Maximum intensity projection (MIP) of SDF1 mRNA
in a developing zebrafish embryo 32 h post fertilization (hpf) shown
in red and membrane marker CldnB : LynGFP in green. Scale bar is
200 µm. The rectangular selection indicates the position of pllp. A
stripe of SDF1—which gives the guiding signal for the
pllp—extends from the ear of the fish along the midline of the tail
until its end. (B) Close-up on a MIP of the pllp with live membrane
marker CldnB : LynGFP as described in [14]. Scale bar is 50 µm.
Four constricted groups of cells in future pro-neuromasts are
observed from back to front. Rearmost constriction is about to
become ejected from the compound. (C) Kymograph shows the
temporal evolution of the fluorescence signal along a section
through the MIP of the pllp. Time is along the y-axis and the
section’s extension is along the x-axis. At 0 µm, a neuromast
deposition is shown: the fluorescence signal of deposited cells
becomes stationary, i.e. parallel to the time axis, which corresponds
to static cell groups. The front of the tissue continues migration as
indicated by straight lines that form an obtuse angle with the x-axis.
At about 400 and 700 µm further cell depositions are observed.
(D) Two-dimensional lattice approximation with cells α.

is in contrast to studies in the pllp of zebrafish that support
the hypothesis of a flat distribution of the guidance molecule
SDF1. In mutants, where the expression domain of SDF1
is truncated, it was discovered that the collective underwent
a U-turn once the end of the SDF1 stripe was reached and
continued migration in the reverse direction [14]. This renders
the classic idea of a previously defined graded expression of
the chemoattractant unlikely.

In this work, we propose a dynamically maintained
mechanism for the migration of a cell collective in a setting
with constant ligand expression, where the cells encode an
initial symmetry breaking in their velocity to shape the
ligand and maintain the preferred direction of motion. We
formulate the system in one dimension and derive a closed
solution. We discuss the velocity solution as a function of
the extension of the collective and identify an optimal length,
which maximizes the velocity. Furthermore, we discuss the
profile of the obtained ligand and its gradient and identify a
competition between the front and the rear, which arises for
tissue extensions above a critical length. Simulations with
uniform growth rate show that such a system is able to deposit

cells as the collective moves. Finally we show that the time
until a deposition occurs depends on the growth rate of cells.

2. Travelling waves with a constant attractant
expression

Cells migrating in a monolayer are flat and may be described
using a two-dimensional approximation—as shown in
figure 1(D): a cell is understood as a polygon in the lattice
and the tissue consists of the collection of cells. The position
of individual cells α is described by the centre of mass cα:

cα : R → R2

(t) "→ cα(x, y).

Let us define Hα(x, y) :=
!

1 for (x, y) ∈ α

0 else
as the domain of cell α. Furthermore, we assume for simplicity
that cells express the receptor

rα : R2 × R → R+

(x, y, t) "→ rα(x, y, t) = Hα(x, y)rα(t)

only on the basal membrane at a rate ν and degrade it at a rate
σr . Let s denote the ligand. It is a function of space and time

s : R2 × R → R+

(x, y, t) "→ s(x, y, t),

has a diffusion coefficient D, is expressed at a rate γ along a
stripe of fixed width 2ϵ and degrades at a rate σ . In the vicinity
of cell α, the receptor and the ligand are co-internalized at a
rate ρ. Written as a simple system of coupled differential
equations, we have

∂t s = D(s −
"

α

(σ + ρrα)s + γ δ(|y| < ϵ)

∂t rα = ν − (σr + ρs)rα

where

δ(|y| < ϵ) :=
!

1 if |y| < ϵ

0 else.

We assume that cells move to greater concentrations of
ligand, such that the position of the cells cα is updated along
the average gradient in ligand

ċα = κ⟨∇s⟩α,

where

⟨∇s⟩α(t) =
#

∇s(x, y, t)Hα(x, y) dx dy#
Hα(x, y) dx dy

denotes averaging of the gradient in ligand along the cell α

and κ denotes the strength of the translation of the gradient.
Taking the limit of a small expression pattern ϵ relative

to the extension of the cell collective, we may reduce the
problem to one dimension and consider it a motion along a
line of constantly expressed ligand. All the above entities that
are functions on R2 are now functions on R. The cell collective
may be considered as a rod of finite length 2L with constant
receptor concentration along the rod. Then the system reads
as

∂t s = D∂xxs − µ(x − c)s + γ (1)
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Cxcr4/ Cxcl12 axis: examples of migratory behaviour

Schulz et al., 2016; Petit et al., 2002; Murphy et al., 2009; Paksa et al., 2016; 



G-alpha-signalling - time-range of seconds

Rappel Lab, UCSD; Rappel and Edelstein-Keshet, 2017



Vazquez-Prado et al., 2016; Xu et al., 2012

signalling regulates actin cytoskeleton dynamics through RhoGTPases 
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Cotton and Claing, 2009



Penela et al., 2016

GPCRs: GRK signalling



Marinissen and Gutkind, 2011

GPCRs: signalling bias



GPCRs: signalling bias
Ligand bias - chemokine qualitatively biases the downstream signalling cascade the 
given receptor initiates

Cxcl12a 
Cxcl12b 
Cxcr4 (PGCs)

Directional migration

Boldajipour et al. 2008; Schumann et al., 2010



GPCRs: signalling bias
Receptor bias - different receptors initiate different signalling cascades upon interaction 
with the same ligand

Gai

Cxcl12a 
Cxcr4 (PGCs)

Cxcl12a

Cxcr7 activation

Cxcr7
Cxcl12a
Cxcr4 (PGCs)

Boldajipour et al., 2008; Mahabaleshwar et al., 2012; Tarbashevich et al., 2015 



GPCRs: signalling bias
Cellular/ system bias - the given receptor-ligand pair activates different signalling 
pathways in a cell/ tissue specific manner

Malhotra et al., 2018



1.“naive” embryo: 
no endogenous ligand or receptor 
2. receptor of choice is 
expressed in PGCs 
3. ligand of choice is expressed by 
one half of an embryo



GPCRs signalling: receptor combination

Coombs et al., 2019



GPCRs: how to interpret the chemokine gradient - 
gradient shaping

Busmann and Raz., 2015; 
 Valentin et al., 2007



GPCRs: how to interpret the chemokine gradient - 
gradient shaping

Busmann and Raz., 2015; Paksa et al., 2016
nuclei PGCs



Penela et al., 2016

GPCRs: how to interpret the chemokine gradient - GRKs



GPCRs: how to stop

Cxcl12a 
Cxcr4 (PGCs)

 Blaser et al., 2005; 
 Minina et al., 2007




